Al or B layers of a few hundreds of nm in thickness deposited on BaSi 2 epitaxial films on Si(111) substrates were annealed at different temperatures, and the diffusion coefficients of Al and B were evaluated using secondary ion mass spectrometry with O 2+ . We also investigated the effect of post annealing (850 ºC, 10 min) of BaSi 2 films on the diffusion coefficients. It was found that both the lattice diffusion and the grain boundary diffusion were decreased by the post-annealing. The plan-view transmission electron microscopy images revealed that the grain size was increased from approximately 0.2 to 0.6 µm by the annealing, and the X-ray diffraction intensities also increased. The activation energies of lattice and grain boundary diffusions in the post-annealed BaSi 2 are 0.63 eV and 0.58 eV for Al, and 4.6 eV and 4.4 eV for B, respectively.
Introduction
Photovoltaic cell production has been increasing and its market continues to rapidly expand. Approximately 90% of solar cells are made from Si, because Si is an abundant and well-known material in the semiconductor industry. However, the optical absorption layers of crystalline Si (c-Si) solar cells tend to be much thicker than conventional thin-film solar cells, such as CIGS, because the optical absorption coefficient is much smaller for c-Si. Therefore, new materials for high-efficiency thin-film solar cells are of significant interest. Among such materials, we have focused on semiconducting orthorhombic BaSi 2 , which has particularly favorable characteristics for solar cell applications. BaSi 2 has a bandgap of approximately 1.3 eV and a very large optical absorption coefficient, reaching 3×10 4 cm −1 at 1.5 eV experimentally [1] [2] [3] . a-Axis-oriented BaSi 2 can be grown epitaxially on Si(111) and S(001)
substrates [4] [5] [6] [7] . Recently, we successfully achieved large photoresponsivity and internal quantum efficiency exceeding 70% in a-axis-oriented BaSi 2 epitaxial layers grown by molecular beam epitaxy (MBE) [8] [9] [10] [11] . These results have spurred interest in this material.
The basic structure of a solar cell is a p-n junction. Therefore, control of the conductivity of BaSi 2 by impurity doping is a requirement. In this study, we aimed to evaluate the lattice diffusion coefficient of p-type dopants Al and B using secondary ion mass spectrometry (SIMS) measurement. Grain boundary (GB) diffusion coefficients were also evaluated because GBs exist in the BaSi 2 epitaxial layers on Si(111) due to three epitaxial variants rotated by 120º around the surface normal [6, 15] .
Experimental
A two-step growth method was adopted including reactive deposition epitaxy (RDE;
Ba deposition on hot Si) for BaSi 2 template layers, and subsequent MBE (codeposition of Ba and Si on Si) at 600 ºC to form BaSi 2 epitaxial films on Si(111). Details of the growth procedure have been previously described [6, 15] .
First, we investigated the post-annealing duration. It is well known that the crystal quality and electrical properties of MBE-grown β-FeSi 2 films are improved significantly by annealing at temperatures higher than 800 ºC [16, 17] . Thus, we performed post-annealing in an ultrahigh-vacuum (UHV) chamber at 850 ºC for up to 60 min to determine the proper annealing duration. From the θ-2θ X-ray diffraction (XRD) patterns, we chose to adopt 850 ºC for 10 min. The grain size of BaSi 2 was evaluated by plan-view transmission electron microscopy (TEM).
We next investigated the diffusion coefficients using as-grown and post-annealed (850 ºC, 10 min) BaSi 2 epitaxial films on Si(111). Al or B layers of a few hundreds of nm in thickness were deposited on undoped BaSi 2 layers at RT. These samples were cut into several pieces and annealed at different temperatures of 300, 400 and 500 °C for 6, 3 and 1 h, respectively, for Al. On the other hand, the diffusion coefficients of B were evaluated only on the post-annealed BaSi 2 . The diffusion coefficients of B were found to be much smaller than those of Al as described later, and thus the annealing for B diffusion was necessary to perform at much higher temperatures such as 775, 800 and 825 °C for 5, 1 and 0.5 h, respectively.
These temperatures were close to the post-annealing temperature of 850 °C. Thus, we omitted the evaluation of diffusion coefficients of B in the as-grown BaSi 2 . We investigated the depth profiles of Al and B in BaSi 2 using SIMS measurement with O 2+ , and evaluated the lattice and GB diffusion coefficients of Al and B atoms. Detailed discussions about the GBs were given in our previous report [15] . We can see that The experimentally obtained depth profile of Al was reproduced relatively well with Eqs. (1) and (2) . Note that there are three regions in Fig. 4 ; the Al layer region, the lattice diffusion region (broken line), and the GB diffusion region (dotted line). Similar fittings were performed for the other samples to evaluate the diffusion coefficients. 
Results and discussion

Summary
The lattice and GB diffusion coefficients of Al and B atoms were evaluated using the Annealing for Al diffusion was performed at 300 ºC for 6 h. 
